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Embryonal stem (ES) cells that are homozygous null for the b1 integrin subunit fail to differentiate into keratinocytes in
vitro but do differentiate in teratomas and wild-type/b1-null chimeric mice. The failure of b1-null ES cells to differentiate
in culture might be the result of defective extracellular matrix assembly or reduced sensitivity to soluble inducing factors.
By culturing embryoid bodies on dead, deepidermized human dermis (DED) we showed that epidermal basement membrane
did not induce b1-null ES cells to undergo keratinocyte differentiation and did not stimulate the differentiation of wild-type
ES cells. Coculture with epidermal keratinocytes also had no effect. However, when human dermal fibroblasts were
incorporated into DED, the number of epidermal cysts formed by wild-type ES cells increased dramatically, and small
groups of keratin 14-positive cells differentiated from b1-null ES cells. Fibroblast-conditioned medium stimulated
ifferentiation of K14-positive cells in wild-type and b1-null embryoid bodies. Of a range of growth factors tested, KGF,
GF10, and TGFa all stimulated differentiation of keratin 14-positive b1-null cells, and KGF and FGF10 were shown to be
roduced by the fibroblasts used in coculture experiments. The effects of the growth factors on wild-type ES cells were much
ess pronounced, suggesting that the concentrations of inducing factors already present in the medium were not limiting for
ild-type cells. We conclude that the lack of b1 integrins decreases the sensitivity of ES cells to soluble factors that induce
eratinocyte differentiation. © 2001 Academic Press
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aINTRODUCTION
In human epidermis b1 integrins play a key role in
eratinocyte differentiation and tissue assembly. Popula-
ions enriched for epidermal stem cells can be distinguished
rom transit amplifying cells by their increased levels of b1
integrins and enhanced adhesiveness to extracellular ma-
trix (ECM) ligands (Jensen et al., 1999; Jones et al., 1995;
Jones and Watt, 1993). Postmitotic basal cells committed to
terminal differentiation undergo downregulation of integrin
function and expression, and this is thought to mediate
their selective detachment from the underlying basement
1 These authors contributed jointly to this work.
2 To whom correspondence should be addressed. Fax: 44-20-269-3078. E-mail: watt@icrf.icnet.uk.
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All rights of reproduction in any form reserved.membrane (Adams and Watt, 1990). Suprabasal cells under-
going terminal differentiation do not normally express b1
integrins (Adams and Watt, 1990; Jones et al., 1995) and
ontinued expression of integrins above the basal layer is
mplicated in the pathogenesis of psoriasis (Carroll et al.,
995). Transduction of keratinocytes with a dominant-
egative b1 integrin subunit leads to exit from the stem cell
ompartment (Zhu et al., 1999) and adhesion to ECM
egulates the initiation of terminal differentiation (Levy et
l., 2000). When the b1 gene is selectively ablated in mouse
epidermis, using promoters that are maximally active from
about E14.5 of development, proliferation is impaired in
both the interfollicular epidermis and hair follicles (Brake-
busch et al., 2000; Raghavan et al., 2000).
There is also evidence that b1 integrins play a role in the
differentiation of keratinocytes during early embryogenesis.
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322 Bagutti et al.Mice that are homozygous null for the b1 integrin gene die
hortly after implantation, before the epidermis develops
rom a single ectoderm layer (Fa¨ssler and Meyer, 1995;
tephens et al., 1995). However, keratinocyte differentia-
ion can be studied in vitro using cultured embryonal stem
ES) cells. By 21 days in culture wild-type ES cells start to
xpress markers of epidermal differentiation, but these are
ot detected in b1-null ES cells (Bagutti et al., 1996).
Interestingly, b1-null ES cells can differentiate into keratin-
ocytes when induced to form teratomas by subcutaneous
injection into syngeneic mice or within the epidermis of
chimeric wild-type/b1-null mice (Bagutti et al., 1996).
There are at least two potential explanations for why
b1-null ES cells fail to differentiate into keratinocytes in
itro while retaining the ability to differentiate in vivo. One
s that the failure to differentiate results from the absence of
CM, rather than from lack of b1 integrins per se. The
ability to differentiate into keratinocytes correlates with
the ability of b1-deficient ES cells to deposit an ECM
etwork and to express the a6b4 integrin (Bagutti et al.,
1996). In vivo and in chimeric mouse skin the b1-null cells
assemble a basement membrane and express the a6b4
hemidesmosomal integrin in a polarized manner. In vitro
a6b4 expression is reduced and the ability of the cells to
eposit an ECM is impaired compared with that of wild-
ype cells. Work in other experimental models has estab-
ished a requirement for functional b1 integrins in ECM
ssembly (Wu et al., 1995; Wennerberg et al., 1996; Aumail-
ey et al., 2000; Brakebuch et al., 2000; Raghavan et al.,
000) and a6b4 polarization in keratinocytes is dependent
on ECM (De Luca et al., 1990). The basement membrane
associated with b1-null keratinocytes in teratomas and
chimeric epidermis could be contributed by neighboring
wild-type cells.
A second possibility is that the lack of b1 integrins
educes the sensitivity of ES cells to soluble factors that
timulate keratinocyte differentiation. There is good evi-
ence for cooperation between ECM and growth factors in
romoting cell proliferation, migration, survival, and differ-
ntiation (for review see Giancotti and Ruoslahti, 1999). For
xample, integrin-mediated ECM adhesion is crucial for the
ctivation of the MAP kinase signaling cascade in response
o soluble growth factors in fibroblasts (Lin et al., 1997;
enshaw et al., 1997) and mammary epithelium (Wang et
l., 1998). Prolactin signaling during lactogenic differentia-
ion of mammary epithelial cells requires interaction of the
ells with specific basement membrane proteins (Steuli et
l., 1995) and distinct signaling pathways are activated by
nsulin, depending on the ECM components to which the
ells are attached (Lee and Streuli, 1999).
We investigated which factors might be responsible for
he failure of b1-null ES cells to differentiate into keratino-
ytes in vitro. We present evidence that there is no require-
ent for an intact basement membrane per se, but that
ertain growth factors secreted by fibroblasts have a strong
ositive effect on differentiation. Our results thus highlight
he potential importance of synergistic interactions be-
Copyright © 2001 by Academic Press. All rightween integrins and growth factors during embryonic de-
elopment.
MATERIALS AND METHODS
Antibodies and Growth Factors
The following primary antibodies were used: LL001 (mouse
anti-keratin 14) (Lane, 1982); GoH3 (rat anti-a6 integrin subunit;
Serotec, Bicester, UK) (Sonnenberg et al., 1986); LH1 (rabbit anti-
keratin 1; kind gift of E. B. Lane, University Dundee, UK); rabbit
anti-keratin 10 (Covance, Richmond, CA); rabbit anti-mouse in-
volucrin (Covance); antibodies to mouse type IV collagen and
laminin 1 (both from Becton–Dickinson, Rutherford, NJ); M3F7
(anti-human type IV collagen) (Foellmer et al., 1983); and VIM13.2
monoclonal anti-vimentin; Sigma, St. Louis, MO). DTAF-
onjugated goat anti-mouse and goat anti-rat IgG were purchased
rom The Jackson Laboratory (Bar Harbor, ME) and Alexa488-
onjugated goat anti-mouse IgG was obtained from Molecular
robes (Eugene, OR).
Recombinant human acidic and basic FGF, keratinocyte growth
actor (KGF, FGF7), FGF10, TGFa, and TGFb1 were purchased from
eproTechEC (UK). Scatter factor/hepatocyte growth factor (SF/
GF, London) was purchased from R&D Systems Europe (Abing-
on, UK).
Cell Culture
The wild-type embryonic stem cell line D3 (Doetschmann et al.,
985) and the b1-deficient ES cell line D3/G-201 (Fa¨ssler and
Meyer, 1995) were grown as described previously (Bagutti et al.,
1996). The wild-type ES cells were grown on a feeder layer of
mitomycin C-treated primary mouse embryonic fibroblasts and the
b1-null cells were cultured without a feeder layer in the presence of
000 U/ml of leukemia-inhibiting factor (LIF) (Williams et al.,
988). The culture medium for both cell lines was Dulbecco’s
odified Eagle’s medium (DMEM), supplemented with 15% FCS, 2
M L-glutamine, nonessential amino acids, 50 U/ml penicillin/
streptomycin, and 50 mM b-mercaptoethanol (all reagents from
ibco BRL, Paisley, Scotland) (Wobus et al., 1984).
To confirm that the presence of a feeder layer in undifferentiated
ultures did not affect their subsequent ability to differentiate into
14-positive cells, the following control experiment was carried
ut. Undifferentiated wild-type ES cells were cultured without a
eeder layer in the presence of LIF, while b1-null cells were cultured
without LIF on a feeder layer of embryonal fibroblasts for six to
eight passages. Both cell lines grew less well than normally, but it
was nevertheless possible to keep them in an undifferentiated
state. The cells were allowed to form embryoid bodies and differ-
entiate under standard conditions; the presence of K14-positive
cells was monitored between Day 25 and Day 35 of differentiation.
Under these conditions the wild-type ES cells still produced
K14-positive cells to the same extent as previously described
(Bagutti et al., 1996) and no K14-positive cells were detected in the
b1-null cultures (data not shown). Thus the different culture
onditions used for undifferentiated wild-type and b1-null ES cells
did not account for their subsequent ability to differentiate into
K14-positive cells.
Human dermal fibroblasts (HDF) were isolated from neonatal
foreskin by explant culture, grown in DMEM containing 10% FCS,
and used between Passage 3 and Passage 8. Human keratinocytes
s of reproduction in any form reserved.
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323ES Cell Differentiation into Keratinocyteswere isolated from neonatal foreskin and grown in the presence of
a feeder layer of 3T3-J2 cells in medium consisting of one part
Ham’s F12 medium and three parts DMEM, supplemented with
10% FCS, 0.18 mM adenine, 0.5 mg/ml hydrocortisone, 5 mg/ml
insulin, 0.1 nM cholera toxin, and 10 ng/ml EGF (Watt, 1994).
In Vitro Differentiation of ES Cells
In vitro differentiation and embryoid body formation were
nitiated in hanging drops of 600 cells in 20 ml medium containing
0% FCS (Rudnicki and McBurney, 1978). After 2 days the embry-
id bodies were washed off and cultivated for another 7 days in
uspension in bacteriological petri dishes (Greiner, Kremsmu¨nster,
ustria). Nine-day-old embryoid bodies were then transferred to
ix-well plates (for coculturing with HDFs), to 3.5-cm cell culture
ishes (for growth factor treatments; the average number of embry-
id bodies per well or dish after 35 days was 37) or onto dead,
eepidermized dermis (DED).
For HDF coculture, fibroblasts were seeded into cell culture
nserts (0.4-mm pore size, high-pore density; Becton–Dickinson)
and placed into six-well plates containing embryoid bodies. Every 3
to 4 days, when the HDF had reached confluence, the inserts were
replaced with new inserts containing freshly seeded HDF. For
growth factor treatment, embryoid bodies were grown in the
presence or absence of the following growth factors: human acidic
and basic FGF (at final concentrations of 0.5–50 and 0.1–10 ng/ml,
respectively), KGF (1–100 ng/ml), FGF10 (0.2–20 ng/ml), TGFa
(0.25–25 ng/ml), TGFb1 (0.05–5 ng/ml), and SF/HGF (0.3–30 ng/ml).
The medium was changed every 2 to 3 days. In both types of
experiment ES cells were allowed to differentiate for a total of 25 to
35 days.
DED was prepared from adult human skin by removing the
epidermis and killing the cells of the dermis by repeated cycles of
freezing and thawing, as described previously (Rikimaru et al.,
1997). Pieces of DED, approximately 1.5 cm2, were placed on a
metal grid to support them at the air–liquid interface, basement
membrane surface upward. Nine-day-old embryoid bodies were
harvested from suspension culture and added on top of the base-
ment membrane (approximately 15 embryoid bodies per DED).
To repopulate DED with human dermal fibroblasts the DED was
turned upside down on the grid and 5 3 105 cells were added to the
xposed surface. After 10 days of culture, the DED was reoriented,
asement membrane uppermost, and embryoid bodies were seeded
nto the basement membrane as described above. When keratino-
ytes and embryoid bodies were cocultured on DED, 105 human
keratinocytes were seeded in combination with the embryoid
bodies.
Immunofluorescence
After an incubation period of 16 to 26 days ES cultures on DED
were embedded in OCT (Miles Laboratory, Elkhart, IN) and frozen
in liquid nitrogen. Cryosections (6 mm) were cut and the first and
last of each series of sections were stained with hematoxylin and
eosin. Embryoid bodies grown on tissue culture plastic were rinsed
in PBS, fixed with a mixture of ice-cold acetone/methanol (3:2, v/v)
for 7 min at room temperature, and then incubated with 10%
FCS/PBS for 30 min at room temperature. Incubation with primary
antibodies was performed for 60 min and incubation with second-
ary antibodies for 30 min at room temperature; cells and sections
were washed in PBS after each incubation. The cryosections of
DED were fixed in pure acetone and otherwise treated in the same b
Copyright © 2001 by Academic Press. All rightway as cultures on plastic. Specimens were mounted in either
Gelvatol or ProLong (Molecular Probes) and examined and photo-
graphed using a Zeiss Axiophot microscope (Carl Zeiss,
Oberkochen, Germany) connected to a 35-mm camera or a 3CCD
camera (Sony).
Quantitative Analysis of Effects of Growth Factors
The potency of the various growth factors in inducing keratino-
cyte differentiation relative to the untreated controls was consis-
tent from experiment to experiment. However, the degree of
keratinocyte differentiation (judged by the number of keratinocyte
colonies/clusters/patches in the wild-type ES cultures) did vary
between experiments. It was therefore not possible to summarize
the results of all the experiments in a single graph. Instead the
results of one experiment are shown. The significance of the
stimulation of keratinocyte differentiation in all replicate experi-
ments was calculated by subtracting control from 1 growth factor
values and performing the Student’s t test. The resulting P values
are presented in the form of a table.
Determination of Growth Factor Production by
Fibroblasts
KGF and TGFa levels were determined by sandwich ELISA using
kits purchased from R&D Systems and Oncogene Research Prod-
ucts (Cambridge, MA), respectively. Aliquots of HDF culture
medium were collected at 2, 3, and 4 days after plating. The cells
were confluent at Day 4, the same density as used in ES/fibroblast
coculture experiments.
FGF10 was detected in HDF cultures by immunohistochemistry
of paraformaldehyde-fixed cells, using goat anti-human FGF10
antibody (R&D Systems) and an avidin-biotin horseradish peroxi-
dase detection system (Vectastain ABC kit; Vector Laboratories,
Burlingame, CA). The controls were omission of primary antibody
or inclusion of peptide immunogen with the primary antibody.
RESULTS
Basement Membrane Does Not Stimulate ES Cell
Differentiation into Keratinocytes
To overcome the failure of b1-null ES cells to deposit
ECM we seeded them onto an intact epidermal basement
membrane. For this purpose, we used dead deepidermized
dermis (DED), a substrate normally used to promote epider-
mal reconstruction by cultured human keratinocytes
(Prunie´ras et al., 1983; Rikimaru et al., 1997 and references
cited therein). To prepare DED the epidermis is first re-
moved from adult human skin and then the cells in the
dermis are killed by repeated cycles of freezing and thawing.
The surface of the dermis that had been in contact with the
epidermis is still covered by an essentially intact basement
membrane, as evaluated by electron microscopy (Re´gnier et
al., 1981) or by immunofluorescence microscopy with an-
tibodies to basement membrane proteins (Woodley et al.,
992) (Fig. 1a).
ES cells were allowed to differentiate into embryoidodies for 9 days, applied to the basement membrane of the
s of reproduction in any form reserved.
324 Bagutti et al.FIG. 1. Differentiation of embryoid bodies on DED. Immunofluorescent labeling of DED basement membrane with anti-human type IV
collagen antibodies before the application of embryoid bodies (a). H&E staining (b, e) and schematic representation (c, f) of differentiated
wild-type (wt) (b, c) and b1-null (ko) (e, f) embryoid bodies. bm: position of DED basement membrane. Cysts formed by wild-type ES cells
were labeled with antibodies to type IV collagen (d), K14 (g), K1 (h), and the a6 integrin subunit (i). Asterisks in (d) show the centers of two
keratinocyte cysts. Scale bar: 160 mm (a, b, d, e); 40 mm (g, h); 80 mm (i).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
(
l
325ES Cell Differentiation into KeratinocytesFIG. 2. Effects of combining ES cells with keratinocytes or fibroblasts in DED cultures. (a) Graph showing the number of K14-positive
groups of cells (cysts of wild-type cells, groups of b1-null cells) per section in DED cultures of wild-type (wt) and b1-null (ko) embryoid bodies
incorporating human dermal fibroblasts (HDF) (1Fibros), or human epidermal keratinocytes (1Kerats), or without added fibroblasts or
keratinocytes (control). (b) Immunofluorescence staining with anti-vimentin of a b1-null ES culture on DED-containing fibroblasts. ES cells
above the broken line, which denotes position of the DED basement membrane) and fibroblasts are vimentin-positive. Solid line denotes
ower surface of the DED. (c) K14-positive colony formed by b1-null embryoid body cocultured with HDF on tissue culture plastic (d, f)
K14-positive cysts of wild-type ES cells (d) and patch of b1-null ES cells (f) on DED cocultured with HDF. (e) K14-negative b1-null ES cells
on DED in absence of HDF. Scale bar: 130 mm (b, c, d), 60 mm (e, f). Data in (a) represent means 6 SD of six independent experiments.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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326 Bagutti et al.DED, and grown for another 16 to 26 days. The DED
cultures were incubated at the air–liquid interface because
this mimics the normal epidermal environment and has
been shown to enhance epidermal reconstruction by kera-
tinocytes (Prunie´ras et al., 1983). Both wild-type and b1-
deficient embryoid bodies formed multiple cell layers on
DED (Figs. 1b, 1c, 1e, and 1f).
Cysts resembling stratified squamous epithelia were de-
tected on DED populated with wild-type ES embryoid
bodies (Fig. 1b), but not in DED cultures of b1-null ES cells
Fig. 1e). Basal keratinocytes synthesize keratin 5 (K5) and
14; during terminal differentiation, K5 and K14 are no
onger synthesized and expression of K1 and K10 is initiated
Fuchs and Green, 1980). The peripheral cell layer in wild-
ype ES cell cysts stained positively for K14 (Figs. 1c and 1g;
ig. 1c is a schematic based on Fig. 1b), while cells in the
enter expressed K1 (Figs. 1c and 1h). The peripheral cells
lso expressed the a6b4 integrin in a polarized manner (Fig.
1i), consistent with the distribution of this integrin in
normal epidermis (De Luca et al., 1990). Type IV collagen
deposited by ES cells surrounded the cysts; however, a
discrete basement membrane was not observed (Fig. 1d).
As illustrated in Figs. 1b and 1c the keratinocyte cysts
formed at all levels in the layers of wild-type ES cells and
were not normally attached to the basement membrane,
demonstrating that sustained interaction with the base-
ment membrane did not stimulate keratinocyte differentia-
tion. No epidermal cysts or scattered K14-positive cells
were found on DED seeded with b1-null ES cells in any of
he six experiments performed (Fig. 2e).
Fibroblasts Stimulate ES Cells to Differentiate into
Keratinocytes
Because of the strong inductive effects of mesenchyme on
epidermis during embryonic development (Sengel, 1976)
and the positive effects of fibroblasts on differentiation of
postnatal keratinocytes in DED cultures (Prunie´ras et al.,
983; Rikimaru et al., 1997), we investigated whether
broblasts could stimulate b1-deficient ES cells to differen-
tiate into keratinocytes. DED was repopulated with human
dermal fibroblasts by seeding the cells onto the inverted
tissue (i.e., opposite surface to the basement membrane).
After 10 days of incubation the pieces of DED were returned
to their normal orientation and embryoid bodies were
applied to the basement membrane. Cultures were exam-
ined after 16 to 26 days of incubation at the air–liquid
interface. As illustrated in Fig. 2b the fibroblasts remained
near the bottom of the DED and therefore did not make
direct contact with the ES cells.
Incorporation of fibroblasts into DED stimulated differ-
entiation of both wild-type and b1-null ES cells into K14-
positive cells. The number of wild-type K14-positive cysts
increased from 4.6 6 2 (per section of DED without fibro-
blasts) to 15.6 6 6 (per section of DED containing fibro-
blasts) (Figs. 2a and 2d). b1-null ES cells did not form cystshen cultured on DED containing fibroblasts. However, f
Copyright © 2001 by Academic Press. All rightmall clumps of K14-positive, K1-negative b1-null cells
were formed in the presence of fibroblasts (maximum of 2
per DED section) (Figs. 2a and 2f).
We also examined whether the presence of keratinocytes
would influence ES cell differentiation. Embryoid bodies
were seeded on DED basement membrane in combination
with postnatal human keratinocytes and cultured for 16 to
26 days. Fibroblasts were not introduced into the DED. The
keratinocytes formed a histologically normal epidermis
interrupted by areas of ES cells differentiating into a range
of cell types (data not shown). The resulting number of
K14-positive cysts formed by wild-type ES cells (2.8 6 1)
was not significantly different from the number in standard
DED cultures (4.6 6 2) and K14-positive b1-null cells were
ot observed (Fig. 2a).
ES Cell Differentiation into Keratinocytes Is
Stimulated by Secreted Fibroblast Factors
As shown above, repopulation of DED with fibroblasts
increased the frequency with which wild-type ES cells
differentiated into keratinocytes and induced differentia-
tion of K14-positive b1-null cells for the first time in vitro.
Direct contact between the ES cells and the fibroblasts was
not required because each cell population remained sepa-
rated by the basement membrane (Fig. 2b). This suggested
that factors secreted by fibroblasts were responsible for the
effect. We therefore tested whether fibroblast-conditioned
medium could stimulate keratinocyte differentiation in
vitro in the absence of basement membrane. Wild-type and
b1-deficient embryoid bodies on tissue culture plastic were
ocultured with human dermal fibroblasts seeded in an
nsert with a porous membrane. This arrangement allowed
xchange of secreted factors, but prevented physical contact
etween the two cell types.
Fibroblasts exerted a strong positive effect on keratino-
yte differentiation when combined with ES cells that had
ormed embryoid bodies. When wild-type ES cells differen-
iate into keratinocytes in the absence of fibroblasts (Ba-
utti et al., 1996), single K14-positive cells are rarely found
nd almost all the groups of cells can be classified as
lusters or patches. A patch is a small group of K14-positive
ells (,20 cells; Figs. 3a and 3a9) and a cluster is a large
roup (20–100 cells; Figs. 3b, 3b9, 3e, 3e9). In patches and
lusters intercellular contact between keratin 14-positive
ells is not extensive (Figs. 3a, 3b, and 3e). In contrast, when
xposed to fibroblast-conditioned medium for 16 to 26 days
i.e., 25–35 days of differentiation), wild-type ES cells
ormed large, densely packed groups of K14-positive cells
esembling keratinocyte colonies (Figs. 3c, 3c9, 3e, 3e9). The
14-positive colonies were multilayered and suprabasal
ells expressed the keratinocyte terminal differentiation
arker keratin 10 (Figs. 3d and 3d9). Keratin 10-positive
ells were not detected in patches and clusters (data not
hown). Whereas coculture with fibroblasts resulted in a
arked increase in the number of K14-positive coloniesormed by wild-type ES cells (mean ratio 1 fibroblasts:
s of reproduction in any form reserved.
FI
G
.
3.
T
yp
es
of
k
er
at
in
-p
os
it
iv
e
E
S
ce
ll
gr
ou
ps
fo
rm
ed
by
w
il
d-
ty
pe
em
br
yo
id
bo
di
es
co
cu
lt
u
re
d
w
it
h
H
D
F.
(a
,
b,
c,
e)
an
ti
-K
14
;
(d
)
an
ti
-K
10
.
C
or
re
sp
on
di
n
g
ph
as
e
im
ag
es
ar
e
sh
ow
n
(a
9,
b9
,c
9,
d9
,e
9)
.I
n
e9
th
e
po
si
ti
on
of
an
em
br
yo
id
bo
dy
fr
om
w
h
ic
h
ce
ll
ou
tg
ro
w
th
or
ig
in
at
ed
is
sh
ow
n
.S
ca
le
ba
rs
:
50
m
m
(a
,
a9
–
c,
c9
)
an
d
80
m
m
(d
,
d9
);
10
0
m
m
(e
,
e9
).
327ES Cell Differentiation into KeratinocytesCopyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
bs
s
a
k
(
t
r
r
f
o
t
(
p
(
e
f
m
b
(
w
t
n
(a) or
328 Bagutti et al.control, 3.1 6 0.7), the number of patches and clusters
remained roughly the same (ratios 0.99 6 0.4 and 0.54 6
0.2, respectively) (Fig. 4a).
When the b1-null ES were cocultured with fibroblasts the
effect on differentiation was even more striking. There was
not only a significant induction of K14-positive cells in
patches (mean number of patches per dish 8.8 6 3.9 vs 1.3 6
0.2 in control; Fig. 4b), but, in addition, clusters and even
occasional colonies (Fig. 2c) were formed (mean of 4.3 6 0.4
vs 0.7 6 0.1 clusters; 1.3 6 0.4 vs zero colonies). From these
experiments we conclude that differentiation of K14-
positive ES cells, both wild-type and b1-null, is stimulated
y factors secreted by dermal fibroblasts.
Effects of Specific Growth Factors on ES Cell
Differentiation
We next tested a range of growth factors for their effects
on ES cell differentiation. The factors were chosen because
they are known to affect keratinocyte proliferation, differ-
entiation, or motility. KGF/FGF7 (Finch et al., 1989), aFGF,
and bFGF (O’Keefe et al., 1988; Shipley et al., 1989) all
timulate growth of keratinocytes. KGF and FGF10 bind the
ame receptor, the IIIb isoform of FGFR2 (DeMoerlooze et
l., 2000). TGFb1 reversibly inhibits proliferation of kera-
tinocytes (Shipley et al., 1986). TGFa (Barrandon and
Green, 1987) and SF/HGF (Stoker et al., 1987) stimulate
eratinocyte motility, which is mediated by b1 integrins
see, for example, Tenchini et al., 1993), but while TGFa
strongly stimulates keratinocyte proliferation (Barrandon
and Green, 1987) SF/HGF has only a small effect (Sato et al.,
1995).
Nine-day-old embryoid bodies were transferred to tissue
culture plastic and cultured for a further 16 to 26 days in the
presence of single growth factors or combinations of growth
factors. The culture medium was changed every 2 to 3 days
FIG. 4. Effects of HDF-conditioned medium on differentiation
umbers of K14-positive groups of cells (colonies, clusters, patche
wild-type, (b) b1-null ES cells. Data represent means 6 SD of twoand fresh growth factor added each time. The concentra-
Copyright © 2001 by Academic Press. All rightions of each growth factor tested were within the known
ange of its biological activity. Figures 5a and 5b show the
esults of individual experiments. Analysis of pooled data
rom all growth factor experiments is presented in Table 1.
None of the factors significantly reduced differentiation
f wild-type or b1-null ES cells into K14-positive cells
(Table 1). SF/HGF did not stimulate differentiation of either
cell population (data not shown). In wild-type cultures KGF
and FGF10 increased the number of K14-positive colonies
and TGFb increased cluster formation (P , 0.05); none of
he other factors stimulated differentiation significantly
Table 1, Fig. 5a).
In b1-null cultures aFGF and bFGF had no effect and the
ositive effects of TGFb were not statistically significant
Fig. 5b, Table 1). KGF, FGF10, and TGFa all had positive
ffects on differentiation of K14-positive cells. No colonies
ormed in KGF-treated cultures (Table 1), but cluster for-
ation was stimulated. TGFa primarily stimulated forma-
tion of clusters and patches (Table 1), although colony
formation was also increased in some experiments (Fig. 5b).
Overall, FGF10 was the most potent growth factor for
stimulation of differentiation by b1-null cells, as evidenced
y significant induction of colonies, clusters, and patches
Table 1). When aFGF and bFGF were incubated together
ith FGF10 the stimulation of keratinocyte colonies, clus-
ers, and patches (P , 0.05, 0.03, and 0.04, respectively)
was no greater than stimulation by FGF10 alone.
To investigate whether FGF10, KGF, or TGFa could
account for the activity of HDF in promoting differentiation
of K14-positive ES cells, medium that had been conditioned
by HDF for up to 4 days was assayed for growth factor
production. Using a quantitative ELISA assay with recom-
binant TGFa as a positive control we were unable to detect
TGFa production by cultured HDF (data not shown). How-
ever, HDF did produce KGF (Fig. 5c). The level in condi-
tioned medium increased with time and by 4 days, when
S cells into keratin-positive cells. Graphs showing the absolute
the presence (1F) or absence (co) of HDF-conditioned medium. (a)
three (b) independent experiments.of E
s) inthe HDF were confluent, the level was approximately 500
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329ES Cell Differentiation into Keratinocytespg/ml (Fig. 5c). This is close to the lowest concentration of
recombinant KGF tested (1 ng/ml). An ELISA assay for
FGF10 was not commercially available; however, FGF10
production by HDF could readily be detected immunohis-
tochemically (Figs. 5d and 5e).
DISCUSSION
We previously showed that the presence of b1 integrins is
prerequisite for ES cells to differentiate into keratinocytes
n vitro, but not in teratomas and the skin of b1-null/wild-
ype chimeric mice (Bagutti et al., 1996). Subsequent re-
orts confirmed that the lack of b1 integrins affects in vitro
ifferentiation of a range of cell types (reviewed by Brake-
usch et al., 1997). For example, myogenic differentiation
Fa¨ssler et al., 1996; Rohwedel et al., 1998) is delayed, while
euronal differentiation is stimulated (Rohwedel et al.,
998). Here we show that contact with an epidermal base-
ent membrane or epidermal keratinocytes is neither nec-
ssary nor sufficient to restore the capacity of b1-deficient
embryoid bodies to differentiate into keratinocytes nor to
stimulate the differentiation of wild-type ES cells. How-
ever, factors secreted by dermal fibroblasts do have induc-
tive activity.
Our results are consistent with earlier reports that ES
cells can be stimulated to differentiate down particular
lineages by exposure to soluble factors. Thus ES cell differ-
entiation into trophectoderm is controlled by FGF4 (Ni-
chols et al., 1998), bFGF can stimulate mesodermal differ-
entiation (Dvorak et al., 1998), and vasculogenesis is
stimulated by a combination of retinoic acid and db-cAMP
(Drab et al., 1997). In these systems, and our own, differen-
tiation along other lineages still occurs in the presence of
the inducing factors. In contrast, ES cells will uniformly
differentiate into primitive ectoderm (which in embryos
gives rise to the germ cells) in response to factors secreted
by a hepatic cell line (Rathjen et al., 1999).
TABLE 1
Statistical Analysis (P Values) of the Results of All Experiments w
Wild-type
Colonies Clusters Pa
FGF 0.2113 0.5000 0.
FGF 0.2113 0.2538 0.
GF 0.0244 0.0855 0.
FGF10 0.0295 0.3088 0.
TGFa 0.2597 0.4732 0.
TGFb 0.0628 0.0212 0.
Note. Values of P , 0.05 indicate significant difference between
a Number of colonies in control and KGF-treated cultures was
rowth factor: aFGF (3; 50 ng/ml), bFGF (3; 10 ng/ml), KGF (3; 100Differentiation of ES cells as embryoid bodies results in
Copyright © 2001 by Academic Press. All rightthe ordered generation of derivatives of all three embryonic
germ layers and reflects many of the normal events of
embryonic development (Shen and Leder, 1992). K8 and K18
expression is found at the 4- to 8-cell stage of preimplanta-
tion mouse development, in cells of the trophectodermal
lineage (Oshima et al., 1983). K14 is first expressed in the
single layered ectoderm (which will subsequently differen-
tiate into epidermis) of mouse embryos, from E9.5, and the
regional variation in sites of expression is consistent with
an inductive role of the underlying mesenchyme (Byrne et
al., 1994). K1 and K10 are first detected at E13.5, as the
epidermis begins to differentiate into spinous and granular
layers (Byrne et al., 1994). We previously reported that there
is a temporal sequence in the appearance of epithelial
markers in wild-type ES cultures: K8 and K18 are expressed
first, followed by K5/K14, then K1/K10 and another epider-
mal terminal differentiation marker, involucrin (Bagutti et
al., 1996). It thus seems likely that the K14-positive cells
that differentiate in ES cell cultures correspond to embry-
onic ectoderm.
It is interesting that single K14-positive cells were rarely
observed. The fact that the induced cells tended to be found
in groups (patches or clusters) would suggest that some
features of the local microenvironment, specifically prox-
imity to neighboring cells of a particular type, are condu-
cive to keratinocyte differentiation. The K14-positive cells
in patches and clusters may represent individual induction
events, while colonies may be formed by proliferation of
individual K14-positive cells. Wild-type ES cells were ca-
pable of further epidermal differentiation in vitro, as evi-
denced by formation of K1/K10-positive cysts in the DED
cultures (Fig. 1) and suprabasal K10-positive layers in colo-
nies on plastic (Fig. 3). The failure of b1-null cells to form
cysts and their low frequency of colony formation may be
the result of their decreased sensitivity to additional growth
or inducing factors.
The positive effects of fibroblasts on keratinocyte differ-
entiation are consistent with the inductive role of the
pecific Growth Factors
b1-null
Colonies Clusters Patches
0.1870 0.1418 0.1972
0.1870 0.1028 0.0995
—a 0.0438 0.1040
0.0027 0.0019 0.0221
0.0556 0.0072 0.0244
0.0862 0.0670 0.0515
wth factor-treated and control.
Number of independent experiments and concentration of each
ml), FGF10 (6; 20 ng/ml), TGFa (4; 25 ng/ml), TGFb (3; 5 ng/ml).ith S
tches
3252
3017
1556
2374
0957
2500
gro
zero.dermis during embryonic development (Sengel, 1976). Fur-
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330 Bagutti et al.thermore, in mature skin, the close interaction of epidermal
keratinocytes with dermal fibroblasts continues to be im-
portant, for example, in formation of the basement mem-
brane (Marinkovich et al., 1993) and in expression of growth
factors (Smola et al., 1993; Maas-Szabowski et al., 1999). It
s interesting that KGF and FGF10 were potent stimulators
f ES cell differentiation into K14-positive cells, because
GF and FGF10 bind the same receptor, the IIIb isoform of
GFR2, and mice lacking this receptor have impaired epi-
ermal development (DeMoerlooze et al., 2000). Some
FIG. 5. Effects of specific growth factors on ES cell differentiatio
wild-type (a) and b1-null (b) ES cells in the presence or absence (co,
concentration of 50 and 10 ng/ml, respectively), KGF (100 ng/ml), F
re shown. (c) Quantitation of KGF levels in medium conditioned by
d, e) immunohistochemical staining of HDF with antibody to FGactors that stimulate the growth of postembryonic kera- c
Copyright © 2001 by Academic Press. All rightinocytes, such as aFGF and bFGF (O’Keefe et al., 1988;
hipley et al., 1989), were ineffective at inducing ES cell
ifferentiation. It will be valuable to examine additional
actors, particularly BMPs, that are known to affect com-
itment of embryonic cells to epidermal vs neuronal
ineages (reviewed by Sasai and De Robertis, 1997) for their
ctivity in our ES cell system.
Our hypothesis is that under standard ES cell differentia-
ion conditions the levels of growth factors in the serum
nd produced by other differentiating cell types are suffi-
detection of growth factors produced by HDF. Differentiation of
ol) of various growth factors: human acidic and basic FGF (at final
0 (20 ng/ml), and TGFa (25 ng/ml). Data from a single experiment
F for 2–4 days. Data are means 6 SD of three separate experiments.
d) or second antibody alone (e). Scale bar: 50 mm.n and
contr
GF1
HDient to induce keratinocyte differentiation. However, b1-
s of reproduction in any form reserved.
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these factors and so need higher concentrations than
present in serum for differentiation. Although the degree of
differentiation achieved with conditioned medium or
growth factors was always lower in b1-null than in wild-
ype cultures, the relative increase in K14-positive cells in
esponse to the factors was greater in b1-null cultures, and
in the case of TGFa only the b1-null cells showed a
ignificant response. This would be consistent with the idea
hat concentrations of growth factors (such as EGF, which
inds to the same receptor as TGFa) present in the standard
cultures are not limiting for wild-type cells, but are limiting
for b1-null cells.
Our results suggest that the known synergism between
integrins and growth factors extends to events during early
embryonic development. The mechanism by which b1
integrins and fibroblast-derived growth factors collaborate
to promote ectodermal differentiation is currently un-
known, but there are several possibilities. Thus, activation
of signaling pathways by growth factors can be dependent
on integrin-mediated adhesion (see, for example, Renshaw
et al., 1997) and, conversely, growth factors can enhance
ell adhesion (Guilherme et al., 1998 and references cited
herein). Integrins and growth factor receptors can be physi-
ally associated (Schneller et al., 1997; Soldi et al., 1999)
and integrins can directly activate receptor tyrosine kinases
(Moro et al., 1998; Soldi et al., 1999). It will now be
interesting to explore potential synergistic mechanisms and
to examine whether ES cells that lack the receptors for
some of the growth factors we have tested show impaired
ectodermal differentiation that can be rescued by increased
ECM adhesiveness.
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